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A B S T R A C T
Despite the presence of over 56% Ni by weight, equiatomic NiTi is generally considered biocompatible as it
naturally oxidises to form a surface oxide mainly composed of biocompatible oxides of titanium (TiOx). This
layer is formed by an oxidation mechanism that promotes out-diffusion of Ti leaving a Ti-depleted, Ni rich
subsurface. The long-term in vivo stability of the naturally grown TiOx layer has been a concern as Ni can leach
out through this thin, defective layer. The leaching of nickel (Ni) is thus a continuing threat to the alloy’s
otherwise outstanding biocompatibility. We have found that a layer of reactively sputtered tantalum (Ta) oxide
on the bulk NiTi restricts Ti-out-migration through a biocompatible Ti/Ta inter-diffusion layer that provides a
larger barrier against Ni leaching. We have investigated this inter-diffusion as a function of sputtering process
parameters and post processing treatments. Surface and interface analytical techniques such as X-ray photo-
electron spectroscopy, scanning electron microscopy, energy dispersive X-ray spectroscopy, cross sectional
transmission electron microscopy and non-destructive ion beam analysis techniques such as Rutherford back-
scattering spectrometry and particle induced X-ray emission were used to evaluate the nature of this inter-
diffusion layer which can improve long-term biocompatibility of NiTi.
1. Introduction
Equiatomic NiTi, commonly referred to as Nitinol, is used in many
medical device applications due to its unique properties such as shape
memory and superelasticity and a biocompatible surface [1–6]. Shape
memory effect allows the material to return to its original shape upon
heating or cooling. Superelasticity allows the alloy to deform beyond
yield point on mechanical loading that can be reversed during un-
loading for a few million cycles. These distinctive properties have re-
sulted in the use of NiTi in various applications particularly biomedical
devices such as orthodontic wire guides, braces, self-expandable vas-
cular stents, urinary stents and catheters [6,7].
Due to the high concentration of Ni in NiTi there has been concerns
regarding its use in biomedical devices, especially for long-term use as
implants [8–10]. NiTi naturally oxidises to form a surface oxide layer
TiOx, which is mainly composed of titanium dioxide (TiO2). This TiO2
layer provides the NiTi alloy with its biocompatibility and allows for its
use in biomedical applications. This oxide layer forms from oxygen in
the atmosphere that reacts with titanium on the surface of the alloy.
This thin layer is expected to act as a barrier against the release of
undesirable Ni2+ ions into the body [10–17].
Atomistic simulation has shown that the oxidation mechanism in-
volves an outward diffusion of Ti to combine with oxygen by breaking
the Ni-Ti bond at the surface [17]. During the adsorption of oxygen on
the surface of NiTi, Ti is pulled out from the bulk to bond with the
oxygen in the atmosphere. This out-migration of Ti can cause a deple-
tion of Ti at the subsurface thus leaving behind a Ni-rich layer [18,19].
The out-migration and the resulting depletion of Ti at the oxide/NiTi
interface has been observed in cross sectional transmission electron
microscopy. A Ni-rich subsurface so formed can prompt Ni-leaching
through the otherwise biocompatible but thin (~5–10 nm) [20] and
defective [9,21] oxide layer.
Obviously, this raises concerns regarding the stability of this natu-
rally grown TiOx layer on NiTi, as a possible breakdown of this layer
within the body, for example by body fluids, may cause a release of
toxic Ni2+ ions [22–25] and compromise the alloys biocompatibility
[19]. This problem is well-known in the biomedical device manu-
facturing industry and various methods such as anodic oxidation
[26–31], thermal oxidation [32–37], electropolishing [38], and coating
techniques [39–47] have been used to improve the stability and quality
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of this TiOx layer.
One such method of improving the biocompatibility and the stabi-
lity of NiTi is to deposit a more stable and better-adherent film on the
surface of NiTi. In this study, we sputter coat NiTi with a tantalum oxide
film. Both tantalum and tantalum oxide are known to be biocompatible
and unaffected by body fluids [48–53]. The deposition of tantalum and
tantalum oxide films has received some attention in literature [50–74].
Tantalum oxide films can be deposited either chemically using for ex-
ample electrodeposition, or physically using sputter deposition. Both
methods offer many advantages, but we chose sputtering as it offers an
ease of deposition and better control of the thickness of the film. Re-
active sputter deposition (RSD) of tantalum and tantalum oxide films
has been carried out on a number of substrates [52–55,73,74] however
deposition of these films on NiTi has been limited. The effect of RSD
and post-deposition treatments on the interface between NiTi surface
and Ta-oxide coating has not been reported so far.
In this work, we investigate the effect deposition and post-proces-
sing parameters have on the films surface and interfacial chemistry,
morphology and structure. We report that a layer of reactively sput-
tered tantalum (Ta) oxide on the bulk NiTi restricts Ti-out-migration
and creates a biocompatible Ti/Ta inter-diffusion layer that can pos-
sibly provide a larger barrier against Ni leaching. Supplemental
Information (SI) provides an elaborate list of literature on anodization
of NiTi, oxidisation of NiTi, electropolishing of NiTi, coatings on NiTi,
biocompatibility of Ta and sputter deposition of Ta and Ta oxide films.
2. Materials and methods
A cold rolled, slightly Ti-rich (Ti–55 wt% Ni) NiTi sheet (American
Elements, USA) was cut into several 20 × 10 × 1 mm plates. Each
sample was mechanically polished using a Phoenix 4000 sample pre-
paration system to obtain an identical surface finish of 4000 grit size.
Tantalum films were deposited on NiTi substrates using radio frequency
(rf) magnetron sputtering using a load-locked ATC Orion Deposition
System (AJA International Inc., USA). For reactive sputtering of Ta-
oxide, oxygen was introduced into the chamber as a mixture with
argon. The total pressure in the chamber was kept at 0.4 Pa with an
argon to oxygen ratio of 90 to 10 (90/10) with a target to substrate
distance of 15 cm. These parameters were chosen after optimising the
sputtering conditions to avoid oxidation of the Ta target during reactive
sputtering with oxygen. The thickness of the films was measured using
an in-line quartz crystal microbalance.
NiTi substrates were heated to 80 °C to aid with the deposition
process. The deposition power was kept constant at 100 W (4.93 W/
cm2) while the deposition time (thickness) was varied. The tantalum
oxide deposition was carried out for 20, 50 and 90 min. In another set
of samples, we applied to the substrate a negative bias of −100 V
during the deposition process, with all other parameters remaining the
same. All films under investigation were then annealed at 800 °C either
in air or in vacuum. 800 °C was chosen as from X-ray diffraction (XRD)
data it could be seen that the tantalum oxide films were not fully
crystalline below 800 °C and above 800 °C cracking of the tantalum
oxide film occurred.
Table 1 provides a summary of the deposition parameters and post-
processing treatments of the samples investigated in the present study.
The morphology and elemental composition of the Ta-oxide films
were investigated using a Hitachi SU-70 field emission scanning elec-
tron microscope (FE-SEM) and an Oxford Instruments energy dispersive
X-ray spectroscopy (EDX) probe which were operated at 20 kV for the
experiment. FEI-FIB 200 workstation was used to prepare the sample
for TEM analysis. A JEOL JEM-2100F field emission transmission
electron microscope (FE-TEM) operated at 200 kV using the dark field
detector was used to analyse the interface between the film and sub-
strate. The approximate thickness of the samples was 0.1–0.2 µm.
Energy dispersive X-ray spectroscopy (EDX) was carried out using an
EDAX Genesis EDX detector. The spectral lines used for construction of
the EDX data and maps were O (K), Ni (K), Ta (L), Ti (K) and Pt (L). A
Kratos AXIS 165 X-ray photoelectron spectrometer (XPS) was used to
investigate the surface chemistry and oxidation states of the films. A
beam voltage of 15 kV and beam current of 10 mA were the operating
conditions used. The binding energies were determined by using C 1s
peak at 284.8 eV as the charge reference. A Shirely type background
was used to construct and fit the synthetic peaks in the narrow region
and the synthetic peaks were a mixed Gaussian-Lorenzian type. The
spin orbit split applied to the peaks was 0.75. Various oxidation states
of Ta have been assigned based on the discussion given in McNamara
et al [53,55]. As received NiTi alloy sample and the deposited TaOx
thin films were analysed by a simultaneous Rutherford backscattering
spectrometry (RBS) and particle induced X-ray emission (PIXE) spec-
trometry. Rutherford backscattering spectrometry (RBS) is a non-
destructive analytical technique for materials characterization where
the energy spectrum of elastically backscattered ions is used to de-
termine the film’s parameters, i.e., composition and thickness. The
energy of a backscattered ion is determined by a standard solid-state,
surface-barrier detector, which is integrated with standard pulse pro-
cessing modules to yield a histogram of the backscattering events for
measuring the thickness of the oxide layers, diffusion profile, as well as
the composition and the films. Spectral simulation using a standard
computer code, SIMNRA, was used to achieve the best fit to the ex-
perimental spectra to determine parameters such as composition and
the thickness from the parameters used in the simulated spectra. Be-
sides elastic scattering during RBS, inelastic scattering between an en-
ergetic ion and a target atom occurred and lead to inner shell ionization
with the subsequent emission of an x-ray. The energy of the x-ray,
which is characteristic of the excited atom, is detected by a solid-state Si
(Li) PIXE detector. During simultaneous data collection, RBS and PIXE
detectors were placed at 160 and 135 scattering angles respectively. A
beam of 1.5 MeV 4He+ was used for ion beam analysis using the 2.5MV
van de Graaff accelerator facility at Amethyst Research, Inc.
3. Results and discussion
3.1. SEM morphology and EDX chemistry
Scanning electron micrographs in Fig. 1 show the morphology of the
reactively sputtered tantalum oxide films especially the change of the
morphology with respect to annealing environment (i.e. in air or in
vacuum) and whether a negative bias voltage has been used during
sputtering. The morphology of the as deposited tantalum oxide films
appears to be smooth and featureless, amorphous irrespective of the
bias (Fig. 1(a) and (b)). Annealing of the RSD films at 800 °C in air and
in vacuum, expectedly, made these films more crystalline
(Fig. 1(c)–(f)). Fig. 1(f) shows a more crystalline morphology. Some
films, such as the film deposited with a bias and annealed in air
(Fig. 1(d)) and the film deposited without bias and annealed in vacuum
Table 1
Summary of the thickness, deposition parameters and post-processing treat-












Sample 1 640 – – –
Sample 2 665 −100 V – –
Sample 3 635 – 800 °C Air
Sample 4 662 −100 V 800 °C Air
Sample 5 700 – 800 °C Vacuum
Sample 6 670 −100 V 800 °C Vacuum
Sample 7
(NiTi)
– – – –
K. McNamara, et al. Applied Surface Science 535 (2021) 147621
2
(Fig. 1(e)) showed cracks. Thus, both deposition and post-processing
parameters have impact on the morphology, crystallinity and residual
stress in the films. The changing morphology of the Ta-oxide films could
affect the biocompatibility of the device in the human body. The surface
morphology is linked with roughness and if the roughness is too low or
too high this could affect the adherence of the device in the body. For
implantation in the body we would need to address these issues to find
the ideal film thickness, surface roughness and morphology to allow the
Ta-coated NiTi device to retain its shape memory and elastic properties
as well as it’s biocompatibility.
The processing parameters can have an important influence on the
surface and interface chemistry as is seen from the Energy dispersive X-
ray spectroscopy (EDX) analysis in Figs. 2 and 3. Fig. 2(a) is a SEM
micrograph which shows the outmigration of Ti through the Ta-oxide
film. Fig. 2(b) displays the EDX analysis of the selected areas, which
shows that this in mainly Ti (52 wt%) and O (46 wt%) and a small
amount of Ta (2%) was also detected. This is likely from the
surrounding area as EDX generally analyses a larger area than is se-
lected. Fig. 3 shows the EDX analysis of the Ta-oxide films deposited
onto NiTi under various parameters. The purpose of this graph is to
compare the bulk chemistry of the films and how it varies with different
pre and post processing parameters. While the general chemistry of
these films comprises a mixture between tantalum, titanium and nickel
in as deposited films with or without a bias during deposition. From the
data from Fig. 3, there is a significant difference between the Ta to Ti
ratio between films deposited with bias (19:1) and deposited without
bias (9:1). The application of a negative bias during deposition of Ta-
oxide films has resulted in a denser and slightly thicker (665 nm) film
than the as deposited Ta- oxide film which has a thickness of 640 nm,
Table 1. Due to the denser and thicker Ta-oxide film, the EDX would not
detect as much titanium and therefore explain the concentration dif-
ference between the films. Despite the use of oxygen in reactive sput-
tering, we did not detect much oxygen, only 17–18 wt%, in the as de-
posited films by EDX. This is due to the 90:10 ratio of Argon to Oxygen
Fig. 1. SEM micrographs comparing the morphology tantalum oxide films deposited onto NiTi substrates and subjected to different conditions. Figure (a) as
deposited without a bias, (b) as deposited with a bias, (c) annealed at 800 °C in air without bias, (d) annealed at 800 °C in air with bias, (e) annealed at 800 °C in
vacuum without bias and (f) annealed at 800 °C in vacuum with bias.
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that is used during the deposition process. From the data in Fig. 3, it can
be seen that annealing has maintained a similar trend of Ta to Ti ratio
between films deposited with bias (6:1 in air and 4:1 in vacuum) and
without bias (1:1 in air and 1:1 in vacuum).
The application of a bias during deposition generally resulted in a
higher Ta to Ti ratio, a trend that is maintained during both air and
vacuum annealing. The application of a negative bias has possibly al-
lowed for the formation of a denser tantalum oxide film.
Annealing in air and in vacuum, which also introduces oxygen gives
rise to a complex scenario of oxidation kinetics between the presence of
oxygen in air, base oxygen in vacuum, the presence of Ta and Ni and the
application of a bias. Ti has a significantly higher affinity for oxygen
than Ni [75] which allows Ti in NiTi to be pulled outward leading to an
enrichment of TiO2 in the outermost layer. This is not the case for the
Ta–Ti system where the oxygen affinity is comparable [76] but with Ti
having a slightly higher affinity. The gas phase oxidation kinetics of
Ta–Ti alloys between 800 and 1400 °C showed a complicated situation
due to the simultaneous presence of Ta and oxygen with Ti. While
oxygen acts as a stabilizer of α-phase of Ti, tantalum stabilises the β-
phase of Ti. Tantalum is also found to have decreased the diffusivity of
Ti and the solubility of oxygen. As a result, the relation between com-
position and minimum oxidation rate depends on the temperature and
the atmosphere [77]. Together, and more interestingly, the RSD of
tantalum oxide resulted in a suppressed amount of Ni within the EDX
probe area. This is significant when we consider that annealing at a far
less harsh condition (e.g. 450 °C for 30 min) has previously been re-
ported to have resulted in a strong presence of Ni at the surface [10,33].
The presence of tantalum thus has contributed to the suppression of Ni
within the outer surface but not only creating a thicker over-layer of
tantalum but also suppressing the out-diffusion of titanium. Annealing
in vacuum with a negative bias seems to provide the best possible
combination of desirable chemistry, crystallinity and lack of cracking.
According to theory applying a negative bias to the substrate during the
deposition process can modify some of the deposited films properties
such as resistivity, hardness, residual stress and optical resistivity. Some
advantages of applying a negative bias include higher film density and
improved adhesion [78].
3.2. Surface and interface chemistry by XPS and RBS
X-ray photoelectron spectroscopy was used to study the surface and
interface chemistry of as deposited and annealed tantalum oxide films
described in the previous section. As can be seen from Fig. 4, there is no
significant difference in the surface concentrations in these films. The
atomic concentration of tantalum, oxygen and carbon present on the
surface do not vary significantly. We do not observe the presence of Ti
at the surface of the unbiased and biased as-sputtered films. This is due
to the penetration depth of the soft X-rays used for XPS, the analysis
depth is between 1 and 10 nm. From Fig. 4, the ratio of Ta to Ti is
approximately 6:1 for the samples annealed in air and 7:1 for the
sample annealed in air with a bias. The application of a bias produces a
more-dense Ta-oxide film and Ti out-migration through the Ta-oxide
film is not as prominent. The sample deposited with a bias generally
produces a thick Ta-oxide film also. The ratio of Ta to Ti for the films
annealed in vacuum is approximately 0.7:1 for the Ta-oxide film an-
nealed in vacuum. The Ta to Ti ratio for the samples annealed in
Fig. 2. (a) Selected area EDX of tantalum oxide films deposited onto NiTi without a bias and annealed at 800 °C in vacuum and (b) bar graph showing the






















O Ti Ni Ta
Fig. 3. Graph showing the average concentration of titanium, nickel, tantalum and oxygen obtained by Energy dispersive X-ray spectroscopy. EDX was used to
analyse the bulk chemistry of the tantalum oxide films deposited with a bias of −100 V and compared to the tantalum oxide films deposited without a bias.
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vacuum with a bias is approximately 7:1. The samples annealed in
vacuum without a bias produce a less dense film which allows for Ti
out-migration and cracking to occur. This explains why the Ti is higher
in this ratio than the Ta. The application of a bias allows for a more-
dense film which is less likely to crack and allow for Ti-out migration.
From Fig. 4, the amount of Ti in as deposited film is marginal, but
detectable from the presence of very weak Ti 2p peaks in the spectra.
The amount of Ti rises at the surface of the annealed films, with vacuum
annealing enhancing the amount but the application of a bias reducing
the outmigration. The film deposited without any bias and then an-
nealed at 800 °C in vacuum shows a significant presence of titanium
(> 10 at.%) on the surface, indicating Ti migration through the tan-
talum oxide film. The application of a bias voltage can reduce the Ti-out
migration.
High resolution XPS analysis show that O1s transition (Fig. 5(a)) for
these films generally occurs between 530 and 530.5 eV, which is
characteristic of higher oxide of tantalum, tantalum dioxide (TaO2).
The O1s peak appearing at 528 eV is also bonded to Ta but the lower
binding energy of this peak indicates that this is a sub-oxide such as
Ta2O3 or TaO, the oxidation state of which should be lower than the
higher oxide [55]. The peaks appearing at 529 and 527 eV in Fig. 5a
(iii) is associated with oxides of titanium. The O 1s peaks appearing at
532 eV are attributed to the oxygen-carbon bonds. We assigned the
oxidation states of Ta by using the methodology developed in McNa-
mara et al [55]. High resolution Ta 4f spectra (Fig. 5(b)) show that the
main Ta peak appears at around 26 eV, which is characteristic of tan-
talum dioxide (TaO2). Minor peaks appearing at 25 eV, 23.8 eV, 22.5 eV
and 21 eV are characteristic of the sub-oxides Ta2O3, TaO, Ta2O, and Ta
metal respectively [55]. A 90:10 Ar to oxygen mixture results in a lower
oxidation state of Ta which is mainly due to the low oxygen presence in
the deposition chamber. The as-deposited films show the presence of a
relatively small amount (1.5 at.% for as-deposited films and 0.7 at.% for
films deposited with a bias) of sub-oxides present on the surface. Sub-
oxides form as an intermediate before a stable oxide generally forms.
Fig. 5(c) shows Ti 2p peak for the tantalum oxide film annealed in
vacuum at 800 °C with no bias. This film showed the highest amount of
Ti (Fig. 4) indicating clearly an out migration. Interestingly, the Ta 4f
spectra for this sample (Fig. 5(b)) showed sub oxides in annealed
samples which, from Fig. 4, have shown evidence of surface presence
(within the XPS analysis depth of 3–10 nm). The peaks appearing 458,
457 and 456 eV are attributed to TiO2, Ti2O3 and TiO respectively. As
can be seen from Fig. 5(c) Ti ions have migrated to the surface of the
sample. The presence of sub-oxides in annealed films indicate that Ti
has reduced higher tantalum oxide to form titanium oxides by leaving
Ta with its sub-oxides, in locations where Ta has lost oxygen to tita-




















O 1s C 1s Ta 4f Ti 2p
Fig. 4. Graph showing the average concentrations of oxygen, carbon, tantalum and titanium from XPS survey spectra on the surface of the unbiased and biased
tantalum oxide films annealed in air and vacuum at 800 °C.
Fig. 5. XPS high resolution images of (a) O 1 s peaks, (b) Ta 4f peaks (c) Ti 2p peaks with (i) as deposited without a bias, (ii) as deposited with a bias, (iii) annealed at
800 °C in air without bias, (iv) annealed at 800 °C in air with bias, (v) annealed at 800 °C in vacuum without bias and (vi) annealed at 800 °C in vacuum with bias.
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tantalum.
Fig. 6 shows Rutherford backscattering spectrometry (RBS) of sub-
strate materials, as deposited thin films and annealed samples. Stan-
dardised Ti thin film on vitreous carbon and computer-simulated
spectra using SIMNRA software are used for elemental identification,
film thickness and stoichiometry evaluation. Experimental and simu-
lated RBS spectra are shown in Fig. 6(a–c), the leading edges of iden-
tifiable elements (O, Ti, Ni and Ta) are indicated with arrows. Energy
loss or the shifting in backscatter energy is represented as thin film
thickness and relative yield is a representation of relative atomic con-
centration of the individual elements. From Fig. 6(a), the energy spectra
shifted as the TaOx thin films are grown on NiTi substrate (black line).
The deposition with bias (Sample 2) resulted in a thicker TaOx film
than sample 1 (no bias). From Fig. 6(a) it can be seen that both samples
(1 and 2) have a similar TaOx stoichiometry. The relative yield of Ta/O
peak represent a near identical stoichiometry of O:Ta = 30/70 for both
Sample 1 and 2. Fig. 6(b) compares the as-deposited Ta-oxide films
(Sample 1) and the Ta-oxide films annealed in air (Sample 3) and
Fig. 6(c) compares the as-deposited Ta-oxide films with bias (Sample 2)
and the Ta-oxide films annealed in vacuum with bias (Sample 6). It was
found that as the samples are annealed at 800 °C in air and vacuum with
bias, the relative stoichiometry of TaOx layers are different. With the
presence of oxygen, the TaOx became Ta2O5 in the case of air-annealed
film (sample 3). A slight reduction in relative yield of Ta is due to the Ti
out diffusion. During the annealing process inter-diffusion resulted in a
growing TaTiOx layer which buried the NiTi substrate and blocked the
Ni out-diffusion. O in-diffusion, Ti out diffusion and burial of Ni are also
revealed with characteristic X-ray spectra of TiKα, TiKβ, NiKα, NiKβ and
TaLα as shown in Fig. 7. Particle induced X-ray emission spectrometry
(PIXE) spectra were taken on the samples simultaneously with RBS. The
Fig. 6. (a) Sample-7: NiTi Substrates (Ti:Ni = 52:48); Sample-1: TaOx (30/70) as-sputtered (~460 nm); Sample-2: TaOx as-sputtered with Bias (~600 nm); (b)
Sample-6: biased TaOx sample annealed at 800 °C in Vacuum; Ti, Ta, O interdiffusion; (c) Sample-3: TaOx sample Annealed at 800 °C in Air TaOx → Ta2O5.
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Fig. 7. PIXE spectra representing characteristic X-ray lines of Ti, Ni and Ta. Relative intensities are represented with higher yield. Ni and Ta peaks are magnified in
the inset.
Fig. 8. Cross-sectional STEM micrographs of tantalum oxide films on NiTi substrates (i) as deposited without a bias and (ii) as deposited with a bias. The results from
EDX mapping are also shown (a) oxygen, (b) nickel, (c) tantalum, (d) titanium and (e) platinum.
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relative intensities of X-ray peaks represent relative abundance of ele-
ments visible to the incident ion beam. As the relative Ta-Ti-Ox layer
grows with the in-diffusion of O and out diffusion of Ti, the NiTi sub-
strate remains buried and Ni is blocked.
3.3. Interface analysis by cross sectional STEM
Transmission electron microscopy was used to investigate the mi-
crostructure of the tantalum oxide films deposited onto a NiTi substrate.
Figs. 8–10 show STEM micrographs of tantalum oxide films deposited
onto a NiTi substrate under different conditions. Fig. 8(i) shows as
deposited tantalum oxide film and Fig. 8(ii) shows as deposited tan-
talum oxide film with a negative bias applied. As the films are amor-
phous, it was not possible to investigate the structure. EDX was used to
identify the different layers present in the tantalum oxide films de-
posited onto NiTi. In the EDX map (a) oxygen, (b) nickel, (c) tantalum,
(d) titanium and (e) platinum. The platinum layer was deposited onto
all the samples to protect it from damage during the FIB preparation.
From Fig. 8(i) it can be seen that there are three layers present in the
sample. The EDX map shows that the films are composed of mainly
platinum, tantalum oxide and NiTi. Fig. 8(ii) is similar to Fig. 8(i) in
that there are three layers present in the sample mainly platinum,
tantalum oxide and NiTi. The EDX map (e) is slightly different to the
Figure (ii) here we suspect sample drift has occurred during the map-
ping process.
Fig. 9(i) shows the STEM image of the tantalum oxide film deposited
on NiTi and annealed in air at 800 °C. From the image, it can be seen,
that cracks are appearing in the Ta-oxide film. Annealing at 800 °C
results in a porous TiO2 layer [33]. When annealing in air more oxygen
is present and therefore there is an increased oxygen migration into the
tantalum oxide film which reacts with the TiO2 layer already present to
create a thicker TiO2 layer. When the oxygen cannot react with the Ti in
the TiO2 layer anymore it pulls the Ti from the bulk NiTi which then
leaves behind a nickel rich layer, as can be seen in the EDX map (a–e)
for the sample. Fig. 9(ii) shows the micrograph of the tantalum oxide
film deposited on NiTi with a −100 V bias and annealed in air at
800 °C. From Fig. 9(ii) it can be seen that the TiO2 layer is migrating
into the tantalum oxide film. It can be seen from the EDX map (a-e) that
due to the inward migration of oxygen, the thickness of the TiO2 layer
has increased. The inward migration of oxygen results in the oxygen
pulling titanium from the bulk. This results in a nickel rich layer de-
veloping, as can be seen from image (b) the EDX map. The contrast
difference in the NiTi is a result of thinning of the substrate during
sample preparation by FIB. The STEM results confirm the theory that
was developed during SEM and XPS analysis that Ti ions are migrating
to the surface. STEM results show that the application of a bias voltage
Fig. 9. Cross-sectional STEM micrographs of tantalum oxide films on NiTi substrates (i) annealed at 800 °C in air without bias and (ii) annealed at 800 °C in air with
bias. The results from EDX mapping are also shown (a) oxygen, (b) nickel, (c) tantalum, (d) titanium and (e) platinum.
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during deposition has helped preventing outward migration of Ti ions
towards the tantalum oxide surface. As can be seen from the EDX map
in Fig. 9(i) and (ii) that both Ta and Pt have diffused through the layers,
this could be contributed to the porous nature of both the Ta-oxide and
TiO2 layers.
Fig. 10(i) shows a STEM micrograph of the tantalum oxide film
deposited onto a NiTi substrate and annealed in vacuum at 800 °C. It
can be seen, that titanium has migrated through the tantalum oxide film
to the surface. The titanium dioxide layer is porous. According to
Firstov et al [33], annealing at 800 °C can result in the growth of a
porous TiO2 layer. The higher annealing temperature has increased the
oxygen migration into the tantalum oxide film and reacted with the
TiO2 layer already present to create a thicker TiO2 layer. Titanium
migration from the bulk NiTi results in a nickel rich layer. From
Fig. 10(i), it can be seen that it is difficult to distinguish between the
TiO2 layer and the Ta-oxide layer. The EDX map shows the top-most
layer to be platinum, it can also be seen that Ti has migrated to the
surface and that the tantalum oxide film is beneath this layer. The EDX
map shows that titanium dioxide is the next layer. Beneath this is a
titanium layer, the outmigration of which has resulted in the formation
of a nickel layer. Fig. 10(ii) shows a STEM micrograph of the tantalum
oxide film deposited on NiTi with a −100 V bias and annealed in va-
cuum at 800 °C. Microcracks are visible in the Ta-oxide film. The higher
annealing temperature has increased the oxygen migration into the
tantalum oxide film and reacted with the TiO2 layer already present to
create a thicker TiO2 layer. When the oxygen cannot react with the Ti in
the TiO2 layer anymore it pulls the Ti from the bulk NiTi which then
leaves behind a nickel rich layer [18,19]. EDX map shows a nickel layer
that has formed underneath the TiO2 layer. Fig. 10(i) and (ii) thus show
again that applying a negative bias helps preventing the out migration
of TiO2 into the tantalum oxide layer. The titanium dioxide layer in
Fig. 10(ii) is not as porous as that in Fig. 10(i). The application of a bias
resulted in a less porous film which makes Ti migration to the surface
difficult. STEM results further confirm the observation made from SEM
and XPS analyses that Ti ions do tend to out-migrate to the surface.
Applying a bias during the deposition process helps prevent outward
migration of Ti ions to the surface of the tantalum oxide film.
4. Conclusions
Annealing the tantalum oxide films on NiTi at 800 °C in both air and
vacuum resulted in the outward migration of titanium ions to the sur-
face. This can be seen from the XPS data where titanium is detected
within the first 10 nm. It was established that the tantalum films de-
posited without a bias voltage results in a less dense film through which
an inward migration of oxygen and outward migration of titanium is
Fig. 10. Cross-sectional STEM micrographs of tantalum oxide films on NiTi substrates (i) annealed at 800 °C in vacuum without bias and (ii) annealed at 800 °C in
vacuum with bias. The results from EDX mapping are also shown (a) oxygen, (b) nickel, (c) tantalum, (d) titanium and (e) platinum.
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easier. In order to address this issue a negative bias of −100 V was
applied to the substrate during the deposition process. It was found that
while outward migration of titanium had occurred the concentration of
Ti was less than that in the samples deposited without a bias. A higher
bias may help further prevention of Ti-outmigration.
We have found that a thin layer of reactively sputtered tantalum
(Ta) oxide on the bulk NiTi restricts Ti-out-migration and creates a
biocompatible Ti/Ta interdiffusion layer that provides a larger barrier
against Ni leaching and potentially improve long-term biocompatibility
of NiTi.
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